When cells of Selenomonas ruminantium were grown in glucose medium containing valerate, a required growth factor, and imidazole, an inhibitor of a-oxidation, they showed abnormally elongated morphology.
A small amount of caproate added to the culture medium resulted in recovery from abnormal to normal cell morphology.
Therefore, the abnormal shape of the cells arises from deficiency in even-numbered fatty acids. When (1-14C) caproate was added to the culture deficient in evennumbered fatty acids, radioactivity was mainly incorporated into the phospholipid fraction. Approximately three-times-higher radioactivity was detected in plasmalogen phospholipids than in diacyl phospholipids. Specific radioactivities of fatty acids and aldehydes from plasmalogens were higher than those from any other lipid fractions.
Fatty acid and aldehyde analysis revealed that radioactivity was incorporated exclusively into long chain even-numbered fatty acids and aldehydes.
It was concluded that even-numbered fatty acids and aldehydes are especially important as constituents of plasmalogen phospholipids.
It has been reported from this laboratory that Selenomonas ruminantium subsp. lactilytica, a strictly anaerobic bacterium isolated from sheep rumen contents, requires a volatile fatty acid for its normal growth in a glucose medium. The requirement for fatty acid for growth can be satisfied by any one of the normal saturated fatty acids with 3 to 10 carbon atoms (1) . Further studies revealed that S. ruminantium contains diacyl, plasmalogen and glycerylether phospholipids (2) . Volatile fatty acids applied as a supplement to the medium were enzymatically elongated and incorporated into lipid fractions of this organism.
In a previous paper (3), we have shown that S. ruminantium can produce long chain even-numbered fatty acids from odd-numbered volatile fatty acids, and we have suggested the occurrence of a-oxidation for that reason. The occurrence of a-oxidation in this organism was later confirmed by EMMANUEL (4) . It has WATANABE, OKUDA, and TAKAHASHI VOL. 28 also been shown that imidazole, which is an inhibitor of a-oxidation, partially inhibits growth of this organism in a glucose medium supplemented with valerate. Under these conditions, odd-numbered fatty acids occupied 99 % of total fatty acids in phospholipids. When a small amount of caproate was added to the imidazole-inhibited culture, growth recovered, and the percentage of even-numbered fatty acids in total fatty acids in phospholipids increased considerably. The growth inhibition by imidazole was not observed when caproate was the source of added fatty acid. From these observations, it has been suggested that evennumbered fatty acids are important constituents of phospholipds for the normal growth of this organism (3) .
In the present paper, we confirmed the importance of even-numbered long chain fatty acids and aldehydes in this organism. It was concluded that evennumbered fatty acids and aldehydes are especially important as constituents of plasmalogen phospholipids.
MATERIALS AND METHODS
Organism. Selenomonas ruminantium subsp. lactilytica described in an earlier paper (1) was used throughout this study.
Media and culture conditions. The organism was grown at 37° under anaerobic conditions. The method for culture of this organism has been described previously (1) .
For normal cultures, yeast extract-glucose medium (1) supplemented with 40 /cM (final concentration) of valerate was used. Cultures deficient in evennumbered fatty acid were performed by the addition of imidazole (final concentration of 30 mM) to the medium described above.
Incorporation of labelled caproate. Sodium (1-14C) caproate was purchased from the Radiochemical Centre, Amersham, England. Valerate (final concentration of 40 ,LM), 14C-caproate (100 ,~Ci and final concentration of 3.5 ,uM), and imidazole (final concentration of 30 mM) were added to 2 liters of yeast extract-glucose medium. After growth for 7 hr at 37° in this medium, cells were harvested and washed twice with distilled water.
Extraction of lipids. The washed cells were extracted three times with 100 ml of ethanol-ether (3: 1) and three times with 100 ml of chloroform-methanol (1: 3). Lipid extracts were combined, evaporated to dryness under reduced pressure, and re-extracted with chloroform. The lipid sample was applied to a silicic acid column (1.52<10 cm). After eluting neutral lipids with chloroform, the phospholipid fraction was eluted with chloroform-methanol (1: 1). This fraction was concentrated under reduced pressure and subjected to further analysis.
For the preparation of lipid A fraction, the residue from the solvent extraction procedure was treated with 5 % trichloroacetic acid (TCA) for 15 min at 90°. After centrifugation, the TCA-soluble fraction was removed. The precipitate was washed twice with water, and then refluxed with chloroform-methanol (1: 3) for 60 min at 80° to extract lipid A.
Separation of phospholipids. Separation of phospholipids was carried out by thin layer chromatography (TLC) using TLC plates coated with Silica gel 60 (E. Merck, Art. 5721, Darmstadt, West Germany). The phospholipid fraction was separated into three fractions, phosphatidylethanolamine (PE), phosphatidylserine (PS), and an unknown substance, which was detected at the origin of TLC plates developed with chloroform-acetic acid-acetone-methanol-water (3: 1: 4: 1: 0.5) as solvent.
PE and PS fractions were separately hydrolyzed with 90 % acetic acid for 18 hr at 37° to liberate aldehydes from plasmalogens. The hydrolysates were developed on the TLC plates using hexane-ether (8: 2) to separate aldehydes and lysophospholipids derived from plasmalogens plus unreacted diacyl and glycerylether phospholipids. The latter fraction was separated by TLC chromatography using chloroform-methanol-acetic acid (65:25: 10). Separated phospholipids were subjected to fatty acid analysis.
Fatty acid analysis. Diacyl plus glycerylether phospholipids, lysophospholipids from plasmalogens, and the unknown substance on the TLC plates were saponified with 0.5 N NaOH for 13 hr at 103°. Lipid A and the residue from lipid A extraction were saponified with 4 N NaOH for 5 hr at 100°. Released fatty acids were extracted with ether and methylated with diazomethane.
Fatty acid analysis was performed with a radio-gas chromatograph equipped with a thermal conductivity detector and a gas-flow proportional rate meter (Model RD-1, Yanagimoto Seisakusho, Kyoto). Diasolid L containing 10 polydiethylene glycol succinate (60-80 mesh, Nippon Kuromato Kogyo, Tokyo) columns (3 mm x 4 m) were employed with He as a carrier gas. The operating temperature of the columns was 185°. The chemical and radioactive percentages of each component were calculated from the ratio of each peak area to the area of all peaks. Specific radioactivities of fatty acids in separated lipids were calculated from total peak areas of chemical peaks and radioactive peaks. (1-14C)-palmitate (New England Nuclear Corp., Boston, Mass.) was used as chemical and radioactive standard.
Fatty aldehyde analysis. PE and PS fractions containing plasmalogens were applied at the origin on TLC plates coated with silica gel 60. To the origin, 2 % 2,4-dinitrophenylhydrazine in methanol containing 2 N HCl was sprayed. After standing for 2 min at room temperature, the plates were kept under reduced pressure to remove methanol and HCI. The plates were then developed with petroleum ether (bp 30-60°)-ether (8: 2). Fatty aldehydes, as dinitrophenylhydrazones, were detected as a yellow spot which migrated to the area corresponding to R f 0.5 to 0.6. The hydrazones were scraped off from the plate and extracted with chloroform. The chloroform solution was evaporated to dryness under a N2 atmosphere. Fatty aldehydes were regenerated from the hydrazones, reduced VOL. 28 to fatty alcohols, and then acetylated. The procedure was identical to that described by KATZ and KEENEY (5). The acetylated derivatives were analyzed by radio-gas chromatography. Double labelling experiment. Sodium valerate (40 , tM), sodium (1-14C)-caproate (100 µCi and 3.5 µM), 32P-orthophosphate (1.5 mCi and 6.6 mM, Nippon Genshiryoku Kenkyusho, Tokyo), and imidazole (30 mM) were added to 100 ml of yeast extract-glucose medium. After growth in this medium for 7 hr at 37°, cells were harvested and lipid fractions prepared. Phospholipids were separated by the method of OWENS (6) . Radioactivities of 14C and 32P of each spot were determined with a Packard 3385 liquid scintillation spectrometer (Packard Instrument Co. Inc., Downers Grove, Ill.) using the scintillation fluid composed of 4 g of 2, 5-diphenyloxazole in 1 liter of toluene.
Determination of radioactivities in side chains of diacyl and plasmalogen phospholipids. Diacyl PE containing glycerylether was treated with phospholipase A2 (Sigma Chemical Co., St. Louis, Miss.) using the method of WELLS and HANAHAN (7). Glycerylether PE was neglected, since it was a minor component (about 4°c) of the diacyl plus glycerylether PE fraction. Fatty acids from position-2 and 1-acyl lysoPE were separated by TLC plates using chloroformmethanol-water (65: 25: 4). The spots corresponding to fatty acids and 1-acyl lysoPE were scraped off and radioactivities were determined with the liquid scintillation spectrometer.
Plasmalogen was decomposed into aldehydes, from position-l, and 2-acyl lysophospholipids using the method of OWENS (6) . The spots corresponding to fatty aldehydes and 2-acyl lysophospholipids on the TLC plates were scraped off and radioactivities were determined with the liquid scintillation spectrometer.
Electron microscopy. Cells were grown until the absorbancy at 660 nm reached 0.25 and then harvested and washed twice with distilled water. Cells were placed on a collodion film, and shadowed with chromium. Electron micrographs of the cells were prepared using a JEM-100B electron microscope (Nippon Denshi Co. Ltd., Tokyo).
RESULTS

Effect of deficiency in even-numbered fatty acids on cell morphology
We have examined the effect of imidazole on the growth of S, ruminantium in yeast extract-glucose medium supplemented with valerate. A slight growth inhibition was observed which was not as severe as reported previously (3). Therefore, cell morphology in the imidazole-treated culture was examined. Figure 1A shows normal crescent-shape cells grown in yeast extract-glucose medium supplemented with valerate (40 µM). Addition of 30 mM of imidazole to the culture medium caused an elongation of cells as shown in Fig. l imidazole inhibits a-oxidation of valerate (3, 8) , even-numbered fatty acids seem to be deficient under these conditions. It has been reported that even-numbered long chain fatty acids occupy only 1 % of total fatty acids in phospholipids under such conditions (3) . When a small amount of caproate (3.5 µM) was added to the culture medium, cells showed a normal morphology as shown in Fig. l C. These results suggested that bacterial growth was abnormal under the condition of a deficiency in even-numbered fatty acids.
Incorporation of (1-14C) caproate into lipid fractions
It is conceivable that with a deficiency in even-numbered fatty acids, long chain even-numbered fatty acids synthesized from caproate will accumulate in a lipid fraction to which even-numbered fatty acids are physiologically important. Therefore, the fate of (1-14C) caproate incorporated under such conditions was analyzed.
Cells were grown in yeast extract-glucose medium supplemened with 40 , IM of valerate, 30 mM of imidazole, and a small amount of 14C-caproate (3.5 µM). Lipid fractions were extracted from the cells, fractionated, and the incorporation of 14C-caproate into various fractions was analyzed. As shown in Table 1 , about 98 0 of the incorporated radioactivity was recovered in the extracted lipid fractions. Most of the incorporated radioactivity was located in the phospholipid fraction. Lipid A and residual fractions also contained significant radioactivity.
Distribution of radioactivity in phospholipid fraction
Distribution of radioactivity in phospholipids was then examined using the double labelling technique with 14C-caproate and 32P-orthophosphate. It has been reported (2) that the major component of the phospholipids of this organism is phosphatidylethanolamine (PE), which contains plasmalogen and glycerylether types in addition to the diacyl type. The second major component of phospholipids is phosphatidylserine (PS), which also contains diacyl and plasmalogen types. Whether or not PS contains glycerylether is not clear at present. Table 2 shows the distribution of radioactivities of 14C and 32P detected on each spot of separated phospholipid. Both the total radioactivity of 14C and the 14C/32P ratio in PE plasmalogen were three times higher than those in diacyl plus glycerylether PE. In the case of PS, the total radioactivity of 14C was not so different between plasmalogen and diacyl types but the 14C/32P ratio of plasmalogen was five times higher than that of the diacyl type. These results indicate that labelled caproate was incorporated preferentially into plasmalogen phospholipds.
Analysis of radioactive fatty acids and aldehydes
To compare the specific activities of labelled fatty acids moieties in various lipid fractions, analysis was performed by radio-gas chromatography. As shown in Table 3 , the specific activities of labelled fatty acids from plasmalogens were higher than those from any other fractions including diacyl phospholipids, lipid A, residual, and unknown fractions. Tables 4, 5 , and 6 show the chemical composition and radioactivity of fatty acids and aldehydes from PE and PS. Radioactivity was detected only in evennumbered fatty acids and aldehydes. Similar results were obtained with other lipid fractions (data not shown). These results clearly indicate that caproate was a precursor of long chain even-numbered fatty acids and aldehydes, but that the carboxyl group of caproate was not incorporated into odd-numbered fatty Distribution of radioactivity in side chains of phospholipid Diacyl type PE was treated with phospholipase A2, and radioactivities of '4C in the side chains of phospholipid were determined . In this experiment, the degree of hydorlysis was 97.4%. As shown in Table 7 , in both diacyl and plasmalogen phospholipids, no significant difference was detected in incorporated radioactivity of either position. Therefore, both acyl and aldehyde side chains of PE plasmalogen contained three-times-higher radioactivity than those of diacyl type PE. Table 6 . Fatty aldehyde analysis of plasmalogens. Table 7 . Distribution of radioactivity to position-1 and position-2 side chains.
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DISCUSSION
Although growth was not severely inhibited by the addition of imidazole in the medium supplemented with valerate, about half of the cells of S. ruminantium showed an abnormal and elongated shape under these conditions. A small amount of caproate added to the culture medium resulted in the recovery from abnormal to normal cell morphology. Therefore, the abnormal morphology observed in the presence of imidazole is attributable to a deficiency in evennumbered fatty acids.
Labelled caproate was exclusively incorporated into phospholipid fractions under even-numbered fatty acid-deficient conditions. Interestingly, the incorporation of labelled caproate into plasmalogen phospholipids was three times as much as that into diacyl plus glycerylether phospholipids. Moreover specific radioactivities of fatty acids and aldehydes from plasmalogen were significantly higher than those from any other lipid fractions. These results suggested that either odd-or even-numbered fatty acids and aldehydes can function well as the major constituents of phospholipids for normal growth, but that a small portion of phospholipids should be constructed of even-numbered fatty acids and aldehydes. It is concluded that long chain even-numbered fatty acids and aldehydes are especially important in plasmalogen phospholipids. Since a significant amount of "C radioactivity was incorporated into lipid A and residual fractions, the possibility cannot be excluded that even-numbered fatty acids are also important in these lipid fractions of this organism.
The essential roles of even-numbered fatty acids and aldehydes remain to be elucidated. It has been reported that the fatty acid chain length of phospholipid has a remarkable influence on membrane fluidity (9) , and that membrane fluidity is closely related to the membrane function such as transport of nutrients (10) . Since the difference in chain length between odd-numbered fatty acids and even-numbered fatty acids is very small, and only a small difference was observed between imidazole-inhibited cells and recovered cells in the carbon number of fatty acids and aldehydes in phospholipid, the imortance of even-numbered fatty acids is not likely to be related to membrane fluidity. With respect to the relationship between fatty acids and membrane proteins, WARREN et al. reported that Ca"-ATPase of sarcoplasmic reticulum is surrounded by a single shell of 30 lipid molecules. For highest ATPase activity, the fatty acid side chains of lipid molecules have to be 16 carbon atoms in length (11). It is possible to presume that even-numbered fatty acids are required for such lipids which are intimately related to membrane proteins.
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